Studies in both healthy and diabetic subjects demonstrated that fructose produced a smaller postprandial rise in plasma glucose and serum insulin than other common carbohydrates. Substitution of dietary fructose for other carbohydrates produced a 13% reduction in mean plasma glucose in a study of type 1 and type 2 diabetic subjects. However, there is concern that fructose may aggravate lipemia. In 1 study, day-long plasma triglycerides in healthy men were 32% greater while they consumed a high-fructose diet than while they consumed a high-glucose diet. There is also concern that fructose may be a factor contributing to the growing worldwide prevalence of obesity. Fructose stimulates insulin secretion less than does glucose and glucose-containing carbohydrates. Because insulin increases leptin release, lower circulating insulin and leptin after fructose ingestion might inhibit appetite less than consumption of other carbohydrates and lead to increased energy intake. However, there is no convincing experimental evidence that dietary fructose actually does increase energy intake. There is also no evidence that fructose accelerates protein glycation. High fructose intake has been associated with increased risk of gout in men and increased risk of kidney stones. Dietary fructose appears to have adverse effects on postprandial serum triglycerides, so adding fructose in large amounts to the diet is undesirable.
Introduction
When ingested by humans, fructose is absorbed by an active transport system but at a slower rate than is glucose (1) . Coingestion of glucose increases intestinal absorptive capacity for fructose. In the absence of glucose, human intestinal capacity to absorb fructose appears to be quite variable with some people unable to completely absorb 30-to 40-g quantities (1) . Those individuals unable to completely absorb ingested fructose are at risk for diarrhea and other gastrointestinal side effects.
The first several steps in fructose and glucose metabolism differ significantly. Fructose stimulates only modest insulin secretion and does not require the presence of insulin to enter cells (2) . Avidly taken up by hepatic cells, fructose is rapidly converted to fructose-1-phosphate and bypasses the early, ratelimiting steps of glucose metabolism. Fructose-1-phosphate is mainly converted to lactate, glucose, and glycogen (3) . Gluconeogenesis from fructose is increased by starvation and poorly controlled diabetes. Fructose may also form acetyl-CoA, which is used in fatty acid synthesis. Enhanced activity of lipogenic enzymes with chronic fructose feeding may promote hepatic triglyceride production and output of VLDL particles. If energy intake is excessive, the potential for fructose to stimulate lipogenesis is presumably increased substantially.
Fructose is the sweetest-tasting naturally occurring carbohydrate. Advances in technology in the 1960s made possible the production of inexpensive high-fructose syrups from corn starch (4) . The taste and sweetness of 55% high-fructose corn syrup are equivalent to those of sucrose. Because of sweetness and low cost, high-fructose syrups found commercial application. In the mid-1980s, 55% high-fructose syrup was adopted by the carbonated-beverage industry and became the predominant sweetener in soft drinks.
The United States has from the beginning been the world's largest producer of high-fructose corn syrups, but Japan, Canada, South Korea, China, Argentina, and other countries are also major producers (5 used in soft drinks, fruit drinks, baked goods, jams, syrups, and candies. In 1977-1978, average fructose intake was estimated to be 37 g/d, accounting for ;8% of total energy intake in the United States (6) . In 1987-1988, fructose intake had increased to 39 g/d, accounting for ;9% of energy intake (7), and in 1988-1994, it had further increased to 55 g/d, accounting for ;10% of energy intake (8) . Approximately one-third of fructose came from fruits, vegetables, and other natural sources, and two-thirds was added to beverages and foods in the diet. A similar trend toward substantial caloric sweetener and fructose consumption is occurring worldwide (9) .
Metabolic effects of dietary fructose
There has long been interest in the metabolic effects of dietary fructose, particularly in people with metabolic syndrome and diabetes. Many studies attempting to describe these effects have been published. However, most of these studies have employed dietary instruction, sometimes with fructose supplementation, and have not established adequate control of nutrient intake. To define metabolic effects, investigators must provide foods to study participants and rigorously control the intake of all nutrients. Once metabolic effects have been defined, dietary instruction, menus, and supplements can be used to determine whether these effects can be translated into the population.
Studies in diabetic subjects done in the 1970s and 1980s demonstrated that fructose-containing test meals produced smaller postprandial increases in plasma glucose than test meals containing isocaloric amounts of sucrose, glucose, and starch (10-12). Jenkins et al. (13) greatly expanded our knowledge about the differences in response to dietary carbohydrates with the development of the glycemic index of foods. Glycemic index was defined as the increase in plasma glucose area from zero to 120 min after ingestion of 50 g of available carbohydrate from a test food compared with 50 g of carbohydrate from a reference food such as glucose. The glycemic indices of carbohydratecontaining foods vary substantially, with fructose having a particularly low glycemic index ( Table 1) .
In an effort to further evaluate the potential for fructose to lower postprandial plasma glucose, we developed 5 test meals containing different carbohydrates and fed the meals to healthy and diabetic volunteers (14) . The meals contained nearly identical amounts of carbohydrate, protein, and fat, but each had a different test carbohydrate, which accounted for 24-25% of total energy. The test carbohydrates were glucose, fructose, sucrose, potato starch, and wheat starch. Plasma glucose and serum insulin were measured before and at intervals for 240 min after the meals. In healthy volunteers, type 1 diabetic volunteers, and type 2 diabetic volunteers, the fructose meal produced the smallest postprandial increment in plasma glucose and the smallest increment in postprandial glucose area (Fig. 1) . The fructose meals also produced the smallest increment in serum insulin in healthy and type 2 diabetic volunteers, but the differences among meals were not significant. Other investigators have clearly demonstrated that fructose test meals produced lesser insulin responses than sucrose or glucose test meals in both healthy and diabetic participants (15) (16) (17) .
Effects in the diabetic diet
Because fructose has an agreeable taste similar to that of sucrose, and because fructose produces a smaller postprandial rise in plasma glucose than other common carbohydrates, fructose seemed to be an excellent candidate for a sweetening agent in the diabetic diet. To test this possibility, we studied 12 type 1 and 12 type 2 diabetic participants who were fed 3 isocaloric diets for 8 d, each using a randomized, crossover design (18) . The 3 diets provided, respectively, 21% of energy as fructose, 23% of energy as sucrose, and almost all carbohydrate energy as starch with ,5% of energy derived from fructose and sucrose. All meals were prepared in a metabolic kitchen and provided to participants. The fructose diet resulted in significantly lower 1-and 2-h postprandial plasma glucose levels, overall mean plasma glucose, and urinary glucose excretion than did the starch diet. The reductions in mean plasma glucose with the fructose diet were 24% in type 1 diabetic participants and 7% in type 2 diabetic participants. Of note, the fructose diet increased postprandial lactate. There were no differences between the sucrose and starch diets in any of the measures of glycemic control in either group. FIGURE 1 Area increments in plasma glucose (mean 6 SEM) after test meals indicated as follows: F = fructose, S = sucrose, P = potato, W = wheat, and G = glucose; 10 healthy, 12 type 1 diabetic, and 10 type 2 diabetic subjects were studied. The area increment after F was significantly less than the area increments after W and G in healthy subjects and significantly less than after P, W, and G in type 2 diabetic subjects. Reproduced with permission from Bantle et al. (14) .
It next seemed important to extend the period of dietary intervention with fructose to see if beneficial effects on glycemia persisted and to look for potential adverse effects. Accordingly, we compared isocaloric high-fructose (20% of energy derived from fructose) and high-starch diets (,3% of energy derived from fructose) in 6 type 1 and 12 type 2 diabetic participants using a crossover design (19) . Both study diets were composed of common foods. All meals were prepared in a metabolic kitchen and provided to participants for 28 d. The diets were well received by all participants. Mean plasma glucose, urine glucose, and serum glycosylated albumin were all lower during the fructose diet than during the starch diet. On d 28 of the fructose diet, mean plasma glucose was 13% lower than on d 28 of the starch diet. However, of concern, fasting serum LDL-cholesterol on d 28 of the fructose diet was 11% higher than the corresponding value for LDL-cholesterol on d 28 of the starch diet.
In an outpatient study, Osei et al. (20) compared dietary instruction in weight maintenance diets with and without fructose supplementation in 2 groups of type 2 diabetic participants. After 12 wk, fasting serum glucose and glycosylated hemoglobin were both lower in the group that received fructose supplementation. There were no differences between the groups in fasting serum cholesterol or triglycerides. In 2 other outpatient studies with diet instruction and fructose supplementation in type 2 diabetic participants, fructose did not have any effect on fasting plasma glucose or fasting serum lipids (21, 22) . However, in all 3 of these studies, postprandial plasma glucose and serum triglycerides were not measured. More importantly, in all 3 studies, participants were given diet instruction and fructose supplements, so nutrient intake was not adequately controlled.
Effects on plasma lipids
The potential for dietary fructose to raise serum LDL-cholesterol in diabetic participants created concern about the potential effects of fructose in the general population because, in the United States and many other countries, fructose is an important source of dietary energy (9) . Several studies did not find adverse effects of dietary fructose on serum lipids in healthy participants (23) (24) (25) . However, these studies either compared fructose to sucrose or were outpatient studies that did not provide meals to participants. Because sucrose is composed of 50% fructose, it is not an optimal reference. Moreover, rigorous control of nutrient intake requires the provision of meals. Thus, these studies were probably not reliable for assessing the effects of dietary fructose on serum lipids.
Two studies that compared a high-fructose diet to a diet nearly devoid of fructose and established rigorous control of nutrient intake by providing all food to participants both reported adverse effects of fructose on serum lipids (26, 27) . Hallfrish et al. (26) reported that 7.5% and 15% fructose diets consumed for 5 wk both increased fasting plasma LDL cholesterol in healthy and hyperinsulinemic men and increased fasting plasma triglycerides in hyperinsulinemic men. Reiser et al. (27) found that a 20% fructose diet consumed for 5 wk increased fasting plasma LDL-cholesterol in healthy men and fasting plasma triglycerides in both healthy and hyperinsulinemic men. These 2 well-done studies both suggested that dietary fructose does adversely affect serum lipids, at least in men. Women were not included in either study.
In an effort to gain additional insight into the effects of fructose on plasma lipids, we compared high-and low-fructose diets in 24 healthy volunteers (12 men and 12 women; 6 of each gender aged ,40 y and 6 of each gender aged .40 y) (28) . All participants consumed 2 isocaloric diets for 6 wk. One diet provided 17% of energy as fructose. The other diet was sweetened with glucose and was nearly devoid of fructose. Diet order was assigned randomly using a balanced crossover design. Both diets were composed of common foods and contained nearly identical amounts of carbohydrate, protein, fat, fiber, cholesterol, and saturated, monounsaturated, and polyunsaturated fatty acids. All meals were prepared in the metabolic kitchen of the University of Minnesota General Clinical Research Center. The fructose diet resulted in higher fasting total and LDL plasma cholesterol at d 28, but this effect did not persist at d 42 ( Table 2 ). The plasma triglyceride responses to the diets differed by gender. The fructose diet had no significant effect on fasting or postprandial plasma triglycerides in women ( Table 2 , Fig. 2 ). However, in men, the fructose diet produced significantly higher fasting and postprandial plasma triglycerides. This effect persisted through d 42. On d 42 of the fructose diet, daylong plasma triglycerides (estimated by determining the area under the response curves) in men were 32% greater than during the glucose diet. A more recent study by Teff et al. (16) demonstrated an acute elevation in plasma triglycerides in women fed high-fructose test meals. Thus, the effect of dietary fructose to raise plasma triglycerides appears to occur in both men and women.
Recently, Chong et al. (17) described what is probably the mechanism whereby dietary fructose raises plasma triglycerides. These investigators fed healthy volunteers high-fructose and high-glucose test meals that had added to them stable isotopes of fructose, glucose, and palmitate. As expected, fructose test meals Fructose and metabolic syndrome and diabetes 1265S
by guest on November 24, 2013 jn.nutrition.org produced smaller excursions in plasma glucose and plasma insulin and a greater increase in plasma triglycerides than glucose test meals. Fructose also produced a greater rise in VLDL triglycerides and a greater rise and delayed peak in chylomicron triglycerides. Only ;0.1% of fructose was converted to fatty acids at 240 min. Taken together, these results suggest that the lower insulin excursion after fructose resulted in less activation of adipose tissue lipoprotein lipase and impaired triglyceride clearance. Because type 1 diabetic participants are unable and type 2 diabetic participants are poorly able to augment insulin secretion after meals, this would explain why differences between dietary fructose-and glucose-induced increases in triglycerides have not been demonstrated in diabetic participants.
Other metabolic effects of dietary fructose
Other concerns about dietary fructose include the possibilities that fructose accelerates protein glycation, increases uric acid production, and increases energy intake leading to weight gain. Glucose nonenzymatically attaches to proteins and other macromolecules and forms advanced glycosylation end products, which may be important in the pathogenesis of diabetic complications (29) . Other monosaccharides are more reactive with proteins than glucose, perhaps explaining why glucose is the universal metabolic fuel (30) . Fructose is approximately a 7 times more rapid glycating agent in vitro than is glucose (30) , raising concern that replacing dietary glucose with fructose might lead to increased protein glycation. However, the rise in plasma fructose after a high-fructose test meal peaks at 0.3-0.6 mmol/L (5-10 mg/dL) and returns to near 0 in 4 h (17, 18) . In contrast, plasma glucose circulates at a concentration of ;5.0 mmol/L and may rise to 8.0 mmol/L after a meal. Thus, rapid clearance of plasma fructose after dietary fructose ingestion makes it unlikely that fructose would have time to affect protein glycation significantly. Consistent with this are the reductions with fructose feeding of glycosylated albumin in 1 of our studies (19) and glycosylated hemoglobin in a study by Osei et al. (20) . Concern has also been expressed about the potential for dietary fructose to raise serum uric acid levels and cause gout. Fructose infusion results in rapid phosphorylation of fructose in the liver, depletion of ATP and increased uric acid production (31) . Dietary fructose may increase serum uric acid in children with hereditary fructose intolerance and hyperinsulinemic men (2) . Intake of large amounts of oral fructose increased serum uric acid in healthy volunteers (32) , and chronic fructose consumption has been associated with increased risk of gout in men (33) . However, a cause-and-effect relation between fructose consumption and gout has not been established. Similarly, an association has been demonstrated between high fructose intake and kidney stones (34) , but a cause-and-effect relation has not been established.
There is also concern that fructose may be associated with increased energy intake and obesity. (9) . In the United States, caloric sweeteners accounted for 16% of energy intake in the year 1996 (9) . About 43% of the caloric sweeteners came from soft drinks and fruit drinks.
Several authors have suggested that dietary fructose may play a role in the worldwide increase in obesity prevalence (35, 36) . Their reasons for implicating fructose are principally 2. The first is the association, mentioned above, between increasing consumption of fructose and increasing obesity. The second is the theoretical possibility that dietary fructose increases energy intake. Clearly dietary fructose stimulates insulin secretion less than glucose and glucose-containing carbohydrates. Insulin stimulates leptin release from adipocytes (37) , and circulating insulin and leptin concentrations were thus lower after ingestion of fructose-containing meals than after ingestion of glucosecontaining meals in healthy women (16) . However, energy intake by the women was not greater during the fructosecontaining meals. Nevertheless, lower circulating insulin and leptin after fructose consumption might inhibit appetite less than consumption of other carbohydrates and lead to an increase in food intake.
Consistent with the idea that dietary fructose might increase energy intake are data from Ludwig et al. (38) that demonstrated an association between consumption of sugar-sweetened drinks and obesity in children. Further evidence is provided by Raben et al. (39) , who fed overweight participants supplements of either sucrose or artificial sweeteners for 10 wk. The participants who consumed sucrose demonstrated increases in energy intake, body weight, fat mass, and blood pressure. However, it is important to point out that participants in the sucrose group were "instructed" to consume 2 g sucrose/kg body weight daily (;23% of energy intake) and were provided with the necessary sucrose-sweetened beverages and foods to do so. Thus, the increased sucrose intake was not spontaneous. These 2 studies were the main evidence cited by the World Health Organization in implicating sugars as a cause of obesity and used to justify their recommendation that free sugar consumption be ,10% of total daily energy intake (40) .
Although increasing fructose consumption is temporally associated with the increasing worldwide prevalence of obesity, there is little or no evidence proving cause and effect. In the United States, increasing energy intake was associated with increased restaurant and fast-food meals and increased consumption of salty snacks and pizza as well as soft drinks (41) . Decreased physical activity is also almost certainly a factor in the increasing prevalence of obesity. To prove that dietary fructose is important in causing obesity, it would be necessary to conduct a clinical trial demonstrating that fructose caused a spontaneous increase in energy intake. Given fructose's availability, low cost, and pleasant taste, such a clinical trial might provide important information.
Summary
Fructose is a naturally occurring sugar with a pleasant taste. Fructose produces a smaller postprandial rise in plasma glucose than other common carbohydrates and thus might be a useful sweetening agent in the diabetic diet. However, dietary fructose appears to have adverse effects on plasma lipids in both diabetic and healthy populations. There is also concern that dietary fructose may stimulate energy intake and promote weight gain and obesity. However, there is no compelling evidence that this is true. Nevertheless, adding large amounts of fructose to the diet may be undesirable because of adverse effects on lipemia. Glucose may be a suitable replacement sugar. Concern about fructose should not extend to the naturally occurring fructose in fruits and vegetables. These are healthy foods that provide only a modest amount of fructose in most people's diets.
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